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where the shear stress is given by
8,j being the Kronecker delta.
Note that the production term in Eqs. (1) or (2) can be written as (4) where the strain rate tensor is given by
It is known that in aerodynamic applications, use of S2 in Eq. (4) leads to very high heat transfer coefficient at the leading edge of a blade. To avoid this, use of f_2 or SO is recommended (Menter 1992; Kato and Launder 1993) , where f_ is the absolute value of the vorticity.
These suggestions follow from the fact that for a stagnation flow, 92 = 0 and for a simple shear flow, use of $92 is identical to that of 3a.
Based upon comparison with experimental data, we recommend the use 922 of $92 and will later describe the effect of using S", $92 or in Eq.
(4) on the heat transfer coefficient at the blade surface.
If _, represents any constant in the original k-co model (6k_ .... ), and _2 anY constant in the transformed k-e model (Ok2.... ), then _, the corresponding constant of the new model given by Eqs. (1) and (2) is
y is the distance to the next surface, and CDkt o is the positive portion of the cross-diffusion term of Eq.
(2). The choice of terms within arg;
is detailed in Menter (1994 
where F_ is given by
We may note that Eqs. (7) and (I0) require the computation of y, the distance to a wall. This can be complicated for a multi-block grid, such as in the present case. A simple remedy, however, is to set lly to zero for all grid cells initially, and to compute l/y once only for those blocks that have a wall boundary condition.
In fact, if a block has more than one wall, one can specify
where y_ is the distance of a grid cell from one wall, y_ is the distance of the same cell from the second wall, and so on. It is easy to use any other combination in Eq. (11). However, a negligible difference in the heat transfer coefficient on the blade surface was found whether Eq.
(11) was used or lly was taken to be the maximum of lly_ and l/y z for a block limited by the blade and the hub. This scheme works since for the SST model, the k-o model is activated in the near-wall region while the standard k-e model is activated in the outer wake region and in free shear layers.
We realize that this scheme may have some limitations based on how various blocks are configured in the grid.
With F_ : 1, Eqs. (1) and (2) , 1998, p. 198) .
It is assumed that the effective viscosity for turbulent flows can be written as
where the laminar viscosity p_ is calculated using a power-law for its dependence on temperature (Schlichting, 1979) . The turbulent viscosity _ is computed using the SST or the low-Re k-co model described above.
The turbulent thermal diffusivity is computed from 
where (1998) 
Here R, is the auto-correlation tensor for velocity, and dr represents the infinitesimal displacement.
We may mention that according to Wilcox (1998) , the relation between co, k and f is given by Eq. (15) .
EXPERIMENTAL DETAILS
Measurements were made in a linear cascade facility at the NASA Glenn Research Center (Giel et al., 1999) . A turbine blade with 136°o f turning, an axial chord of 127 mm and a span of 152.4 mm was tested in a highly three-dimensional flow field resulting from thick inlet boundary layers (cf. (1999) .
COMPUTATIONAL DETAILS
The computational span extended from the hub to mid-span of the blade with a symmetric boundary condition at mid-span.
In the axial direction, the computational domain extended from the inlet plane located one axial chord upstream of the blade leading edge to the exit plane located 80% of the axial chord downstream of the blade trailing edge. Around the blade, the grid extends to mid-way between two adjacent blades with periodic boundary conditions. Figure 1 shows a spanwise section of the multi-block viscous grid around the blade. The viscous grid is obtained from an inviscid grid by clustering the grid near all the solid walls (blade and hub here). The clustering is done in such a way as to ensure that in the viscous grid, the distance of any cell center adjacent to a solid wall, measured in wall units (y÷), is less than half for the cases studied here, following Boyle and Giel (1992) .
The average value for this distance was 0.26. The inviscid grid was generated using the commercial code GridPro/az3000 (Program Development Corporation, 1997) . For computational accuracy the ratio of two adjacent grid sizes in any direction was kept within 0.8-1.25.
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As canbeobserved from Fig. 1 , the grid quality is very good especially near the blade surface.
Initially, the grid consists of 28 blocks but before the solver is used, it can be merged into just 5 blocks using the Method of Weakest Descent (Rigby et aI., 1997) . The final viscous grid consists of 366080 cells, formed by clustering near the blade and hub from an inviscid grid with 55296 cells. The inviscid grid has 112 cells around the blade (for the O-grid around the blade), 28 cells in the blade-to-blade direction from the blade to the periodic boundary in-between the two blades, and 16 in the spanwise direction. After clustering, the number of cells in the spanwise direction increases to 52 and in the blade-toblade direction to 60. Three more grids were generated for a gridindependence study.
One inviscid grid had 1.5 times the number of cells in each direction as compared to the basic grid described above.
Another inviscid grid had 32 cells in the spanwise direction while in the other two directions, the number of cells were the same as in the basic grid.
For the third grid, the basic inviscid grid was clustered near the blade and hub with a grid spacing half of that for the basic viscous grid. All these variations of the basic grid yielded nearly the same values for the heat transfer coefficient on the entire blade surface as the basic grid; any variations were within ±2%.
The results
presented here correspond to the basic grid shown in Fig. I 
Differences
between the Stanton number contours resulting from the two k-to models are too small to be displayed here.
The effect of using S" or fl'-or S_ in the production term for Eqs.
(1) and (2) is shown in Fig. 4 We may recall (cf. Fig. 2 ) that the largest adverse pressure gradient region lies near mid-span on the suction side of this rotor. model. This is evident from Fig. 9 We may also note that the Reynolds number is half of that for cases 3 and 4 discussed earlier for the low turbulence level. 10 i O0 r,,,''"l""l""l''"l''"l "l""l""l' Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.
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